DMD # 78485
Introduction Domoic acid (DA, Figure 1 ) is a neurotoxic kainic acid and glutamate analog that binds to a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) and kainate receptors, resulting in lesions in the hippocampus and amygdala (Pulido, 2008) . DA is produced by several Pseudonitzschia algal species in seawater (Mos, 2001) . As Pseudo-nitzschia blooms are initiated by anomalously warm ocean conditions, increasing sea temperatures are predicted to increase algal blooms and consequently DA outbreaks and exposure. Indeed, in 2015 warm ocean conditions resulted in Pseudo-nitzschia blooms that led to the largest outbreak of DA along the North American west coast (McCabe et al., 2016) . As DA is transferred through marine food webs via ingestion of Pseudo-nitzschia cells, and by consumption of the organisms contaminated with DA (Lefebvre et al., 2002; Lefebvre and Robertson, 2010) , DA intoxications in marine animals are closely tied to severity of DA producing algal blooms (Scholin et al., 2000; Lewitus et al., 2012; Du et al., 2016) . Hence, the increase in DA outbreaks also precipitates a potential increase in public health risks of exposure to DA. Human DA poisoning affected over 100 individuals in 1987. Three individuals died and others reported signs of DA related amnesic shellfish poisoning including gastrointestinal distress, neurological abnormalities, seizures and autonomic nervous system dysfunction (Perl et al., 1990; Todd, 1993) . Analysis of nine of these cases suggested the toxication was due to consumption of DMD # 78485 5 term exposure (0.75 mg/kg/day DA po for 15 days) (Mariën, 1996; Truelove et al., 1997) .
However, information to establish a chronic TDI for DA is currently not available (Pulido, 2008) . Several studies in model species have suggested that chronic low-level DA exposure at asymptomatic doses results in adverse effects including epigenetic changes and sensitization of animals to the toxicity of DA (Hiolski et al., 2014; Lefebvre et al., 2017 ). Yet, the underlying mechanisms of these changes and DA toxicokinetics at asymptomatic doses have not been characterized. The lack of knowledge of the toxicokinetics of DA is largely due to limited bioanalytical methods to measure DA. LC-MS/MS methods exist for measuring DA in seawater and in contaminated seafood (Wang et al., 2012; Barbaro et al., 2016) , but these methods lack the sensitivity needed to quantify DA in biological samples following low level exposure (Frame and Lefebvre, 2013) . ELISA can measure DA at concentrations down to 0.4 ng/ml in biological specimens (Frame and Lefebvre, 2013) , but the ELISA assay also cross reacts with antibodies against DA, decreasing the usefulness of this assay following chronic exposures (Lefebvre et al., 2012) . Therefore, improved LC-MS/MS methods are needed to allow evaluation of DA exposures.
DA is a polar compound (log P= -0.23) with four ionized groups, three carboxylic acids (pK a 's 1. 85-4.75 ) and an amine (pK a 10.6) (Walter et al., 1992) . Hence, it is expected to have limited permeability across physiological barriers such as intestinal epithelium, blood brain barrier and the placenta. Low permeability of DA in Caco-2 cells has been shown (Kimura et al., 2011) and the bioavailability of DA appears to be low (<10%) based on observed excretion of DA into urine following iv and po doses to monkeys (Truelove and Iverson, 1994; Truelove et al., 1997) , and recovery of unchanged DA in feces of rodents after oral dose (Iverson et al., 1990) .
Distribution of DA to the brain and penetration to the developing fetus in pregnant rodents has also been shown after iv doses to rodents (Maucher-Fuquay et al., 2012a; . Yet, knowledge of DMD # 78485 6 the overall toxicokinetics and target tissue distribution of DA following exposures similar to those that may occur in humans is lacking.
As human and wildlife exposures to DA are exclusively via oral consumption, the aim of this study was to characterize DA toxicokinetics following oral administration to nonhuman primates at levels of exposure near and at the proposed TDI level, and to establish the key toxicokinetic parameters of DA following iv and po dosing to monkeys. Physiologically based pharmacokinetic (PBPK) models of DA toxicokinetics in monkeys and humans were developed to allow simulation of DA toxicokinetics following different routes of administration after acute and chronic exposure.
8 solution was filtered with syringe filter (0.2 µM, 25mm) before use. The dose was given to animals without restraint. Blood samples were collected at baseline and at 1, 1.5, 2, 3, 5, 8, 12, 16, 24 and 48 hours post dose. Urine was collected from cage pans after every blood draw for 24 hours during the study with 0.075 mg/kg DA po. A washout period of at least two weeks was given between each exposure.
Blood samples were collected into sodium heparin tubes and centrifuged at 3,000 g for 15 minutes to isolate plasma for further analysis. Plasma, urine and feces samples were stored at −20°C until analysis. For all studies, the dosing solutions were analyzed for DA content by LC-MS/MS as described below to confirm DA concentrations.
DA Plasma Protein
Binding and Blood to Plasma Ratio. The protein binding of DA in plasma was determined by ultracentrifugation using plasma samples from 6 female cynomolgus monkeys.
Three of these monkeys were dosed with 0.15 mg/kg DA orally, 4-6 hours prior to blood sampling allowing determination of plasma protein binding in exposed animals at physiologically relevant concentration (1 -10 nM). The other three monkeys were unexposed and the plasma from these animals was spiked with 100 nM DA. Plasma from each animal was aliquoted into 6 tubes with 100 µl plasma in each tube. Three of these plasma samples were incubated at 37 °C for 90 minutes and meanwhile another three samples were ultracentrifuged at 451,268 g for 90 mins at 37°C.
After ultracentrifugation, the supernatant was collected and prepared together with incubated plasma samples using the method described below for LC-MS/MS analysis. The unbound fraction in plasma (f u,p ) was determined as DA concentration measured in the supernatant divided by the DA concentration in the incubated plasma samples. The protein binding of DA in human plasma at 100 nM DA was determined similarly by ultracentrifugation using pooled plasma from 8 healthy adult subjects.
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The blood to plasma concentration ratio of DA was measured as previously described (Jing et al., 2017) in fresh blood from 6 female cynomolgus monkeys. As described above, three monkeys were dosed with DA and blood to plasma concentration ratio was measured in the collected fresh blood, with DA distribution reflecting that obtained after exposure to DA. Fresh blood from the other three unexposed monkeys was spiked with DA to 100 nM final concentration in whole blood. Samples were mixed, aliquoted into four 700 µL aliquots, and incubated at 37°C for up to 2 hours with aliquots removed at 10 and 30 minutes, 1 hour and 2 hours. At each time point, 60 µl of blood in triplicate was removed, and protein was precipitated with 60 µl methanol.
Remaining 500 µl of blood was centrifuged at 1,000 g for 10 minutes at 4°C to pellet red blood cells and isolate plasma. After centrifugation, 60 µl of plasma was added to 60 µl of methanol (in triplicate aliquots), the samples prepared as described below and analyzed by LC-MS/MS. The blood to plasma concentration ratio of DA (100 nM) was measured using identical methods in fresh human blood.
Analysis of DA Concentrations in Biological Samples by LC-MS/MS.
For DA measurements in plasma, 60 µl of methanol was added to 60 µl plasma, and the samples were centrifuged at 16,100 g for 40 minutes, set at 4°C for 30 minutes and centrifuged again at 16,100 g for 30 minutes.
The supernatant was collected for analysis. For plasma samples that had concentrations beyond 40 ng/mL based on initial analysis, the supernatant was diluted 2-fold with water for analysis. For DA measurements in urine, 60 µl of methanol was added to 60 µl of urine, the samples were centrifuged at 16,100 g for 20 minutes and supernatant was collected and diluted 10-fold with water for analysis. For urine samples that had DA concentrations above the range of standard curves after this dilution, the supernatant was collected and diluted 50-fold with water for analysis.
Samples that had undetectable/unquantifiable concentrations with 10-fold dilution were prepared This article has not been copyedited and formatted. The final version may differ from this version. with addition of 60 µl of methanol to 60 µl urine. These samples were analyzed by LC-MS/MS without further dilution. Standard curves were prepared the same way as the urine samples. For DA measurements in feces, 1 g of feces was first homogenized with 3 ml water using Omni tissue homogenizer (Omni International, Kennesaw, GA). After homogenization, 60 µl of methanol was added to 60 µl of sample and the mixture centrifuged for 20 minutes at 16,100 g. The supernatant was collected for LC-MS/MS analysis.
Standard curves were prepared using blank monkey plasma spiked with DA at concentrations of 0.6-40 ng/ml (2-128 nM), blank monkey urine spiked to concentrations 16-996 ng/ml (50-3200 nM) of DA, and blank monkey feces spiked to concentrations 6-103 ng/ml (20-332 nM) of DA. A separate plasma standard curve at 6-199 ng/ml (20-640 nM) of DA was prepared for samples exceeding concentrations of 40 ng/ml. These samples were diluted as described above for high concentration samples. In addition, standard curves for urine analysis were prepared at concentrations of 124-3985 ng/ml (400-12,800 nM) for 1:50 dilution and 0.6-40 ng/ml (2-128 nM) for undiluted samples. All standard curves had ≥6 concentrations of DA. High, middle and low concentration quality control (QC) samples that were close to the lowest, middle and highest concentration within the standard curve were extracted along with standard curves and also included in all analyses. Low, middle and high QC samples were at DA concentrations of 0.9, 7 and 30 ng/ml (3, 24 and 96 nM) for plasma measurements, 16, 156 and 623 ng/ml (50, 500 and 2000 nM) for urine measurements and 6, 31 and 62 ng/ml (20, 100 and 200 nM) for feces measurements. Uniform weighing was used for all standard curves. Gradient elution with a flow rate of 0.5 ml/min using (A) water with 0.1% formic acid and (B) 95% acetonitrile with 5% water and 0.1% formic acid was used. The gradient was from an initial 95% A for 1 min to 0% A over 3 min and then to 95% A for 3 min. Analytes were detected using positive ion ESI mode. MS/MS transition monitored for DA was m/z 312.2>266. DA in the dosing solutions and in urine and feces samples was measured by LC-MS/MS, using AB Sciex 4500 mass spectrometer (AB Sciex, Foster City, CA) equipped with a Shimadzu UFLC XR DGU-20A5 (Shimadzu Scientific Instruments, Columbia, MD) and a Synergi™ Hydro-RP 100 Å LC Column (2.5 µm, 50 ×2 mm; Phenomenex). Compound dependent mass spectrometer parameters used for detection of DA were collision energy 20, collision cell exit potential 10, declustering potential 51 and entrance potential 10. Gradient elution and MS/MS transitions monitored for DA were as described above. Samples were kept in the autosampler at 4 °C and 10 µl of sample was injected for analysis. Louis, MO). The geometric mean values are reported for all pharmacokinetic parameters. AUC was determined by the linear log trapezoidal method for iv dosing data and linear trapezoidal method for po dosing data, and extrapolated to infinity using the determined linear terminal slope (from last 5-7 timepoints in iv studies and 3-5 timepoints in po studies) and last observed plasma concentration. Absolute bioavailability (F) was calculated using equation:
Renal clearance (CL R ) after iv and po dose was obtained using equation:
in which A e,0-24 is the amount of DA excreted in urine over 24 hours after iv or po dose and the AUC 0-24 is the AUC over the 24-hour interval after iv or po dose.
Creatinine clearance (CL cr ) in the monkeys was calculated using equation: 
PBPK Model of DA disposition in Monkeys.
A PBPK model of DA was constructed as a full PBPK model using Simcyp Monkey version 16 (Certara, Sheffield, UK). This model is based on cynomolgus monkey physiology without any gender differences in physiological parameters, i.e the simulation results are independent of sex. The absorption kinetics of DA was simulated with advanced dissolution, absorption and metabolism (ADAM) model. In brief, the fraction absorbed (F a ) and F were predicted using mechanistic P eff model with scaling factor of 0.45 applied to the P eff predicted from physicochemical parameters for each part of intestine, to account for the multiple charges in DA molecule that could not be included in the prediction. For DA distribution, a full PBPK model was used. A K p value for brain was assigned according to the reported AUC brain /AUC plasma ratio in pregnant rats (Maucher-Fuquay et al., 2012a) . For kidney, liver and heart, K p values were estimated based on the reported concentrations in mice (Funk et al., 2014) . K p values for the rest of the organs were independently predicted in Simcyp using the method described by Rodgers and Rowland (Rodgers and Rowland, 2006 ) with application of a K p scalar to obtain measured V ss that was consistent with the iv study. The elimination of DA was characterized using the measured systemic clearance after iv dosing (124 mL/hr/kg, range 87 -218 mL/hr/kg). The geometric mean renal clearance in all the animals in all the study days (59 mL/hr/kg, range 21 -enzymes, only biliary clearance was included to reflect clearance by other pathways. The biliary clearance per hepatocyte was back-calculated using retrograde scaling. The percentage available for reabsorption was set as 100% and a sensitivity analysis was conducted for values between 0 and 100%. The model was found to be insensitive to this value. The details of the model input parameters are listed in Table 1 The DA PBPK model was tested by simulating DA disposition in monkeys following iv and po dosing, and comparing the simulated results with the in-house toxicokinetic data and the reported data from literature following higher doses of DA to monkeys. In all the simulations renal clearance values were scaled to the reported body weights of the monkeys in the observed studies.
The observed concentration-time profiles from prior publications reporting DA plasma concentrations in cynomolgus monkeys (Truelove and Iverson, 1994; Truelove et al., 1997) were digitized using Plot Digitizer software (http://plotdigitizer.sourceforge.net). For each study, Simcyp species representative individuals were simulated at fed condition using observed range of renal clearances to represent population variability. Sensitivity analysis was done on biliary clearance ranging from 0.23 to 0.53 µL/min/million cells, by comparing first order absorption kinetics and ADAM model, and fed and fasted conditions. With the exception of fed versus fasted conditions, the model was found to be sensitive to all of the above parameters. This article has not been copyedited and formatted. The final version may differ from this version. 
PBPK Model of DA disposition in

Results
Development of a Sensitive and Specific LC-MS/MS Method to Measure DA in Biological
Samples. In order to measure DA in biological samples including plasma and urine following iv and po administration at a dose level near or at the proposed TDI, a sensitive LC-MS/MS method was developed and validated. DA was detected in monkey plasma and urine using this method and the chromatograms of DA in the biological matrices are shown in Figure 2 . The assay was validated according to the published guidelines for bioanalytical method validation (Shah et al., 2000; Viswanathan et al., 2007) . The lower limits of quantification (LLOQ) in plasma and urine were 0.6 ng/ml (2 nM) and 1.6 ng/ml (5 nM), respectively, based on signal-to-noise ratio >9 and interday CV% < 15%. The accuracy and CV% values of QC samples were <15% at all concentrations. The assay was determined sensitive enough to measure DA concentrations in plasma following oral exposures at the proposed TDI level of DA.
Toxicokinetics of DA Following Single iv and po Doses. The toxicokinetics of DA following iv and po administration was studied in three female monkeys. Following an iv dose of 5 µg/kg DA, DA had a systemic clearance of 124 ± 71 ml/hr/kg (n=6) and a short elimination half-life of 1.2 ± 1.1 hours (Table 2 and Figure 3A ). On average, 42 ± 11% (n=3) of the DA dose was recovered in urine over 24 hours after the iv dose. Based on urinary excretion ( Figure 3B ), the renal clearance of DA in these animals was 36 ± 30 ml/hr/kg which is 29% of mean systemic clearance and 23% of the creatinine clearance (155 ± 55 ml/hr/kg) in these monkeys. This suggests significant reabsorption of DA in the kidney, and potential other elimination routes of DA including biliary secretion. In accordance with some biliary secretion of DA, DA was also detected in feces after iv dosing at small and variable amounts (data not shown), and the highest DA concentration in feces was 72 ng/g at 0.5 hours post iv dose. Based on DA detection in feces, the maximum total amount
This article has not been copyedited and formatted. The final version may differ from this version. Administration of a single oral doses of DA to the same monkeys at 0.075 mg/kg and 0.15 mg/kg showed flip-flop kinetics with an absorption rate constant smaller than the elimination rate constant ( Figure 3C ). Following oral administration of 0.075 mg/kg DA (proposed TDI), maximum DA concentration of 1.5 ± 1.5 ng/ml was reached at approximately 13 ± 5 hours post dose. A maximum DA concentration of 4.5 ± 3.6 ng/ml was reached at 6 ± 2 hours after 0.15 mg/kg oral dose of DA (2-fold of proposed TDI). The terminal half-life of DA was 11.3 ± 2.4 hours and 9.8 ± 5.9 hours following po dosing of 0.075 mg/kg and 0.15 mg/kg DA, respectively (Table 3) . Based on the pharmacokinetic analysis, the 8-fold longer half-life after po dosing when Based on the iv and po dosing data, the absolute oral bioavailability of DA was calculated to be 6 ± 4 % and 7 ± 5 % after single doses of 0.075 mg/kg and 0.15 mg/kg DA, respectively. After oral administration of 0.075 mg/kg DA, 4 ± 2 % of the DA dose was recovered in urine over 24 hours ( Figure 3D ). The renal clearance of DA measured after po dosing was 96 ± 47 ml/hr/kg which was 77% of the systemic clearance of DA after iv dosing (124 ± 71 ml/hr/kg) and 62% of the creatinine clearance (155 ± 55 ml/hr/kg) in these monkeys. Table 1 .
Simulation of DA Disposition in Monkeys Using
To test the developed DA PBPK model, DA disposition was first simulated in monkeys following administration of single iv doses of 5 µg/kg and 50 µg/kg DA, and the simulations were compared to the observed plasma concentration data obtained in this study and in the previously published study (Truelove and Iverson, 1994 ) ( Figure 4A and B, Table 2 ). The simulated AUC, CL and CL r were all within 2-fold (between 0.6 and 1.7 -fold) of the observed data in the two iv dosing studies conducted with a 10-fold range in DA doses and in two different laboratories. DA disposition was also simulated in monkeys following single and multiple oral doses using the developed ADAM model for DA absorption. The simulated AUCs for DA all met the acceptance criteria for the model and were within 2-fold (1-1.2 fold) of the observed data after single po doses of 0.075 mg/kg and 0.15 mg/kg DA ( Figure 4C and D, Table 3 ). The PBPK model predicted the flip-flop kinetics of DA with a 12-fold longer simulated half-life after po dosing than after iv dosing. The predicted terminal half-life (absorption half-life) was within 0.8-fold of the observed.
In addition to the current study data, the plasma concentrations of DA following 15 days of oral doses of 0.5 mg/kg/day DA were also simulated in accordance with the dosing in the prior study (Truelove et al., 1997) , which measured single time point concentrations of DA following multiple oral doses ( Figure 4E ). The PBPK model captured the multiple dose pharmacokinetics, predicting the single time point plasma concentrations of DA within the 2-fold criterion ( Figure 4E ). The simulation accuracy of urinary excretion of DA was also evaluated. The excretion of DA into urine as a function of time was compared to the data collected in this study and in previously reported studies ( Figure 5 ). Overall the mean simulated data of DA dose recovery in urine after both iv and po dosing were within 2-fold of the mean observed data, although inter-individual and inter-day variability within an individual could be over 2-fold in the observed data.
The predominant sites of DA toxicity appear to be the brain and possibly the kidney.
Therefore, the concentration-time curves of DA in the brain and kidney were simulated using the developed PBPK model that incorporated the K p values for brain and kidney estimated from literature tissue partitioning data. As shown in Figure 6A , following a single iv dose of 5 µg/kg DA, DA is predicted to rapidly distribute into the brain. Following a single po dose of 0.075 mg/kg DA, the maximum concentration in the brain is predicted to be reached 3 hours post dose with prolonged DA exposure in the brain mimicking the flip-flop kinetics observed in plasma. In fact, despite the initial much higher brain concentrations of DA after iv dosing, the simulated brain concentrations of DA at later time points were higher following po dosing than after iv dosing.
Similarly, the distribution pattern of DA was also simulated in kidney following iv and po doses ( Figure 6B ). The kidney concentration-time profiles were similar to those simulated for the brain.
hHigh kidney concentrations were reached rapidly following iv dosing and slowly after po dosing, with prolonged exposure in the kidney after po exposure. Overall, the predicted kidney tissue concentrations were higher than those predicted for the brain. The simulated brain to plasma and kidney to plasma AUC ratios were 0.066 and 0.46, respectively, reflecting the K p values observed in rodents. To explore the brain concentration versus time profile of DA following dosing that results in signs of toxicity, the brain concentrations of DA were also simulated in monkeys after 0.075 mg/kg iv ( Figure 6C ). These simulations predicted a peak brain concentration of 41.6 ng/mL and concentrations above 10 ng/mL up to 1 hr. This suggests that in monkeys brain concentrations above 10 ng/mL correspond to acute toxicity, as the vomiting in monkeys after 0.075 mg/kg iv dose of DA was restricted to the first 9-62 minutes after dosing (Truelove and Iverson, 1994) .
Simulation of DA Disposition in Humans Using PBPK Modeling
A PBPK model of DA toxicokinetics in humans was developed based on the nonhuman primate model. DA disposition in humans following exposures at the current acute reference dose and at exposures similar to those estimated in the DA outbreak in Canada in 1987, was simulated using the human PBPK model. The variability in DA disposition in human population was simulated using the population variability in Simcyp library. The simulated plasma and brain concentrationtime curves are shown in Figure 7 . At TDI (0.075 mg/kg PO), the exposure in humans is predicted to be about 30-40% of that observed in monkeys exposed to the same per kg dose. Similar to the monkeys, DA exposure in humans after a po dose was predicted to be prolonged due to the flipflop kinetics. The brain concentrations of DA in humans were simulated for the doses of 0.9 -4.1 mg/kg DA corresponding to the estimated consumption in the DA outbreak in Canada (Perl et al., 1990) . The predicted brain concentrations ranged from 1.4 ng/mL to 6.6 ng/mL ( Figure 7 ) and were similar (within 0.2-1-fold) to the simulated brain concentrations in monkeys experiencing DA toxicity.
This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
Over recent decades, toxic algal blooms have increased resulting in increased risk of DA poisoning in marine mammals and humans who consume contaminated seafood (McCabe et al., 2016) . Oral acute reference doses and TDI of DA have been proposed based on toxicity studies in nonhuman primates and an estimated lowest observed adverse effect levels (LOAEL) in humans (Costa et al., 2010) . However, these values were derived without knowledge of DA concentrations in humans, or characterization of the absorption kinetics of DA in humans or nonhuman primates after oral doses. This lack of information is largely due to the limited number of bioanalytical methods to measure DA at low levels in biological samples. In fact, the only plasma concentrations available in a model species after oral exposure are from monkeys dosed at 0.5-0.75mg/kg/day po (Truelove et al., 1997 , Figure 4 ). In rats, after oral administration, DA plasma concentrations were below the LLOQ in all samples analyzed (Iverson et al., 1990; Truelove et al., 1996) . Existing LC-MS/MS methods lack sufficient sensitivity (LLOQ>7ng/ml) compared with ELISA (LLOQ=0.4ng/ml) (Frame and Lefebvre, 2013) , and require large sample volumes (>500µl) (Wang et al., 2012) . To allow quantification of DA in biological samples following po doses similar to current NOAEL doses, we developed an LC-MS/MS method with sensitivity similar to the ELISA. This method will be useful for future evaluation of DA kinetics and exposures in experimental animals, wildlife and in humans consuming potentially contaminated seafood.
This study provides the first characterization of the absorption kinetics of DA following oral exposure in mammals, and shows that DA is subject to pronounced flip-flop kinetics with a slow absorption from the gut. Due to the flip-flop kinetics, the terminal half-life of DA following oral exposure is prolonged when compared to what would have been expected from the iv data.
The bioavailability of 7% determined in this study, is in excellent agreement with the previous work suggesting <10 % bioavailability of DA (Truelove and Iverson, 1994; Truelove et al., 1997) .
This low bioavailability is consistent with the high polarity and fully charged state of DA at physiological pH (Vera-avila et al., 2011) , and possible predominantly para-cellular absorption of DA. The extent of absorption and the flip-flop kinetics of DA following po dosing were predicted using the P eff value for DA and the monkey ADAM model in Simcyp. As the mechanistic absorption model predicted DA absorption kinetics in monkeys, a DA PBPK model was developed to predict DA toxicokinetics in humans. The PBPK model predicted flip-flop kinetics for DA also in humans suggesting a prolonged exposure to DA after consumption of contaminated seafood.
Yet, it is likely that uptake and efflux transporters contribute to DA absorption kinetics, which is not captured in the current model. In a prior study apical-to-basolateral transport of DA in Caco-2 cells was shown to be decreased by 31.5% when DA was incubated with probenecid (100 mM), a non-specific inhibitor of anion transport (Kimura et al., 2011) , suggesting transporter involvement in the intestinal absorption of DA.
The developed monkey PBPK model was also used to simulate the brain and kidney concentrations of DA following iv and po doses of DA. DA concentrations have been previously reported in the kidney, liver, heart and hippocampus of mice (Funk et al., 2014) , and in brain and cerebrospinal fluid in pregnant rats (Maucher-Fuquay et al., 2012a) . The simulated brain and kidney distribution in monkeys is in excellent agreement with prior data from rats showing rapid distribution of DA into tissues after iv dosing (Maucher-Fuquay et al., 2012a) . The simulated fast distribution to the brain is also in agreement with the fast onset of vomiting (2-14 minutes) in monkeys dosed with 50 µg/kg iv and the duration of the vomiting restricted to the first 9-62 minutes after iv dosing (Truelove and Iverson, 1994) . The simulated brain concentration-time curves after oral exposure in either monkeys or humans (Figure 6 and 7) provides insight into the prolonged onset of signs of DA toxicity following consumption of contaminated mussels by humans. In the 1987 DA outbreak, the onset for symptoms after consumption of DA contaminated mussels was between 15 minutes and 38 hours (median 5.5 hours) (Perl et al., 1990) . As shown in
Figures 6 and 7, following consumption of DA, the time to reach maximum DA concentrations in the brain is expected to be delayed. The PBPK models predicted similar (within 1-5 fold) peak brain DA concentrations in the human poisoning event and in monkeys dosed iv and experiencing DA toxicity. The PBPK models also predicted a much longer duration of exposure in the brain following po dosing than what is observed after iv dosing. This may be important for chronic toxicity of asymptomatic exposures to DA, that lead to the reported sensitization to DA and to epigenetic changes (Hiolski et al., 2014; Lefebvre et al., 2017) . However, the current model does not incorporate possible transporter contributions to brain distribution of DA which requires further study. The DA analogs kainic acid and dehydrokainic acid have been shown to have low blood brain barrier permeability but not require active transport for uptake to the brain (Gynther et al., 2014) . Efflux transporters, such as MRP5 may, however, restrict brain exposure to DA and cause some species differences in brain distribution, as DA and kainic acid have been shown to be substrates for MRP5 (Jansen et al., 2015) .
Majority of DA clearance is believed to be via the kidney because in rats DA is entirely eliminated via the kidney through glomerular filtration (Suzuki and Hierlihy, 1993) . Hence, renal impairment has been considered in estimating human safety factors for DA. However, the data presented here and the previous study in cynomolgus monkeys (Truelove and Iverson, 1994) show less than complete urinary recovery (42-71%) of DA. This suggests that other elimination pathways of DA exist besides renal excretion. Biliary secretion by efflux transporters likely contributes to DA clearance. DA was detected in fecal samples in this study after iv dosing, and DA has been found in the bile of California sea lions (15-344.7ng/ml DA) and harbor porpoise (11.7ng/ml DA) (Rust et al., 2014) . In addition, consistent with biliary secretion of DA, the plasma-concentration time curves of DA following oral dosing to monkeys had a characteristic second peak for DA concentrations (around 16-24 hours in Figure 3C ) suggesting some extent of enterohepatic recycling. In rats, probenecid caused a significant increase in plasma DA levels (Robertson et al., 1992) but had no effect on DA renal clearance (Suzuki and Hierlihy, 1993) . In mice, probenecid also increased DA concentrations in kidney tissue and serum (Funk et al., 2014) .
These findings are consistent with hepatic interaction between probenecid and efflux transporters responsible for DA excretion. Further studies are needed to evaluate the quantitative significance of biliary secretion and possible metabolism in DA clearance, and to identify potential transporters responsible for biliary secretion of DA.
The overall renal clearance of DA in monkeys was lower than the GFR suggesting that, in addition to glomerular filtration, significant DA reabsorption occurs. Due to its high charge state and polarity, passive transcellular reabsorption of DA in the kidney tubule is not expected. Indeed, the renal clearance of DA in the rat has been shown to be similar to the GFR (Suzuki and Hierlihy, 1993) . The observation of significant reabsorption of DA in monkeys is consistent with the previous findings after iv dosing of DA to monkeys (Truelove and Iverson, 1994) . These data suggest that active transport contributes to the reabsorption of DA in monkeys. As the identity and quantitative importance of specific transporters in DA renal clearance is not known, the observed renal clearance of 1.15mL/min/kg in monkeys was used for the PBPK model. Although the renal clearance and urinary excretion of DA had high inter-and intra-individual variability, the developed monkey PBPK model predicted the urinary excretion of DA following iv and po dosing and single and multiple dose exposures across studies ( Figure 5 ). C max (ng/mL)
1.5 ± 1.5 4.4 (2.8 -5.7) 4.5 ± 3.6 8.8 (5.6 -11.5) t 1/2 (hr)
11.3 ± 2.4 9.3 (9.1 -9.5) 9.8 ± 5.9 9.3 (9.1 -9.5) F (%) 6 ± 4 7.5 8 ± 5 7.5
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